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Abstract 

Previous calculationn of ion-atom interactions by the pseudopotential 

and asymptotic methods are used in the computation of the cross section 

for Symmetrie charge transfer at energies below 1 keV.    Ihe results for 

Li , Na , K*1, Kb , CB+ and Ca+ ions are compared with data obtained in 

beam experiments, and by optical pumping techniques.    The difference in 

the cross cections for TP-yg and 2P^/2 ions of Kr+ and Xe* at thermal 

energies is studied and the predictions are compared with recent mobility 

measurements.    Cross sections are obtained for d^ - U collisions, and the 

dependence of the thermal cross section on the polarizability is described. 

Syametric charge transfer of the negative ions H', Na" and Cs~ is discussed 

briefly. 
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1. Introduction 

For many years there has been considerable interest in synnetric 

charge transfer reactions at low energies. Viia  is due in part to the 

fact that the large cross sections for this process lead to a considerable 

reduction in the Mobility of loas in their parent gases. Also a simple 

theoretical model of the process has been developed1"11* which shows that 

the magnitude of the cross section is controlled mainly by the long 

range interactions, which can be computed using asyn^totic theories. 

Thus it is possible that the calculated cross sections may be more 

accurate than is typical for ionic collision processes. 

The reaction can be expressed symbolically as 

X+ + X - Xg* - X + x+ (1) 

At very low energies we can consider the formation and dissociation of 

the molecular ion to occur adiabatically, that is without any change in 

the molecular electronic state. The simplest situation arises when the 

initial states of the ion and atom are in S - states and one of them has 

zero spin (e.g.X ■ H, He, Li, Be, Au, Hg). For such systems two molecular 

states are involved; asymptotically these states correspond to gerade 

and ungerade linear combinations of the initial and final states in 

reaction (l). The crucial step in the calculation is the computation of 

the potential curves of these states, ^(R) and ^(H),  at large inter- 

nuclear distances. 

Although the theory can be fomulated completely in terns of 

quantum mechanicti, the impact parameter approximation can be used without 

significant loss of accuracy. In this approach one considers the nuclei 

I 
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critical value, P0, which Firsov took to be close to ol.    Rapp and 
7 

Prencie    uaed the same procedure but with P   equal to 0.2$, whereas 

8 9 admov '* took F0 to be about 0.073 and used a slightly different 

approximation for the integral.    In each of these theories straight 

line trajectories were assuL.V and the results were expressed in the 

fons 

Q (v) - A - B log v (5) 

in which A and B are constants which are determined mainly by the ioni- 

zation potential of the atom involved in the collision. 

For systems in which there is degeneracy in the initial states 

we must consider more than two molecular states. For example, in the 

1 2 
interaction of a S atom with a P ion we obtain I states and n states. 

For such cases we must cempute two phase differences for each value of 

b and v, once ujln; the £- state curves and once ming the n- state 

curves. We will assume that during the collision the different molecular 

states are populated in proportion to their statistical weights. 

In a previous paper ^ we have discubj^d the asymptotic method 

for computing the potential energy curves, Eg(R) and E^R), at large 

values of R for positive ion systems in cases where fine-structure 

splittings are Insignificant. In sec. II we will summarize the results 

of that paper and will examine the effects arising from the spin-orbit 

splittings. 

In sees. Ill and IV we will describe calculations of the cross 

sections foi resonant charge transfer of Lif, Na*, K , Rb , Cs and Ca 

ions and will compare the results with experiment. We will also present 

results for U+ - U collisions, for which we are aware of no published 

experimental data. 
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Recent experiments by Helm1^ on the drift motion of Kr+ ions In 

Kr gas have shown that there Is a difference of about 3% 1° the mobilities 

of the P^/p end r,/_ fine-structure cosponents of the Ionic ground state. 

In Sec. V we will examine the cross sections for ..»sonance charge transfer 

for both ioruc states to see if there is a rimllar difference. A similar, 

but larger, effect is found for Xe+ drifting through Xe . 

Our major aim in this paper is to exploit the results of the 

asymptotic theory of ion-atom Interactions. Ihus we will concentrate on 

the energy region Yelow 1 keV in which the cross sections are large. The 

charge transfer cross sections all show a decreasing trend as the energy 

increases, but in the energy range above 100 eV there are often anall 

oscillations. These oscillations arise from collisions with relatively 

small impact parameters, so that their form depends critically on the 

behaviour of the potential curves at  small distances. Hence we will 

not attempt to predict the amplitude and shape of the oscillations. 

We will also attempt to check some of the approximations which 

2-lU were made in the early theories in order to obtain analytic expressions 

for the cross sections. 

If the asy^totic method is applied to the resonant charge transfer 

of negative ions, and if the effects of polarization are neglected, the 

result is similar to that obtained by anlrnov and Firsov     using the 

zero-range-potential method.    One finds a ftrong correlation bjt'feen the 

19 charge transfer cross section and the atomic electron affinity.    Bydin 

has measured the charge transfer cross sections for the alkali ions 

Ha", K", Rb" and Cs", and has deduced values of the electron affinities 

of there ions by application of the anlrnov-Firsov theory,    the values 

predicted in this way eure not consistent with the results of the recent 

20 laser photodetachment experiments    .    For example, Bydin deduced the 
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value of 0.13 - 0.07 eV for the electron affinity of Cs whereas the 

measured value is 0,k71 -  .003 eV. In spite of the more recent 

theoretics] work of Davidovlc aod Jonev^ it is unclear whether this 

discrepancy arises fron errors in the theory or in the experiment. 

Thus it was our original intention to perfonn accurate calculations 

for some negative ion systems in order to check the accuracy of Bydin's 

experimental work. However, there are serious difficulties in estimating 

the long-range interactions of negative ions with atoms which have a high 

polarizabillty, and there are no reliable ab initio calculations of such 

interactions. Nevertheless we were able to reach some conclusions about 

the experimental results. In Sec. VI we will discuss these theoretical 

problems and will summarize our findings. 

Atomic units will be used in the equations of this paper, but crous 

sections will be presented in units of H2, with energies specified in eV. 

2. Asymptotic theory of ion-atom interactions 

The long-range interaction between an ion and its parent atom can be 

expressed in the form 

E(R) M K(») - a i &E(R) 

2? 
(6) 

Here a  is the polarizabillty of the neutral atom and ASCH) is the exchange 

splitting which arises because of the indistinguishabiUty of the electrons 

in the system. In our earlier paper ■3 we discussed the computation of 

AIjR) for positive ion systems in which the spin-orbit forces are negligible. 

We assume that the electrons of the ion and atom move in Independent 

orbltals, and that the atomic wave function is constructed from the orbitals 

of the ion together with one additional orbital to describe the electron 

which is transferred . The exchange splitting &B(R) la then determined 

— 11 __, 
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by the quantum manbers, £, m, and size of this latter orbital. If the 
o 

lonizatlQD potential, I, is written as l/(2v ) then the asymptotic fovm 

of AE(R) is 

AW«) - (->■ + % A R2V'1"m "»(-l) ^ + I + 0( 7)] (7) 

Here m denotes the ccnponent of the orbital angular momentum, t, about 

the inter-nuclear axis, and N^ is the number of equivalent electrons In 

the outer shell of the ion. The constants A and B depend on v, Jt and m 

and A also depends on the normalization constant in the orbital corres- 

ponding to the transferred electron. The determination of this normali- 

zation constant is the major uncertainty in the application of the 

asymptotic method . 

The sign and relative magnitude of AE^'R) should be specially 

noted. When 1, is even, as in Hg* and U2
+, 1^ states lie above the 

I- states which dissociate to the some limit, whereas n states are 

above H^ states. When 1^ is odd, as in He2
+ and Neg"*", these orderings 

are reversed. In cases vhere both I and n states share a common disso- 

ciation limit, such as Bg"1" and NCg*, the E splittings are greater than 

the n splittings. 

When fine structure splittings are significant we mupt specify 

the total angular momentum J of the active electron orbital and its com- 

ponent 0 along the intemudear axis. We will later examine the molecular 

ions Kr2
+, Xep* and U2

+ at sufficiently large values of R that the spin- 

orbit splittings are large compared to ÄB(R). We can then assume that 

the matrix elements of the spin-orbit interaction are independent of R. 

^^^^^^^f.,^^^^^^  _ 
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One can easily show that in this situation 

ajn(R) * & <c * ^)2 *VR> (8) 

We have used the tilde to indicate that the f^littings refer to the 

(jn) representation. In app:ylng Bq. (8) one should clearly take account 

of the sign of A^CR) and Duwan and animov12 appear to have neglected 

the variation of this sign in their study of the inert gas systems. This 

U 
mlstakr was not made by Johnson . 

III. Results for alkali positive ions 

The positive ions of the alkali atoms are particularly suitable 

for tests of the two-state model of the re&onant charge transfer process. 

In our previous paper1^ we have computed the asymptotic fom of the 

energy splitting AE(R). For intermediate separations, between 2 and 20 

a.u. the splittings were obtained by the pseudopotential metho(l^,23. 

There is seme uncertainty in the splittings at smaller distances, 

enpecially for the heavier alkali ions, The potential curves in this 

latter region influence the form of the oscillations in the cross sections. 

We will discuss the oscillations only for the case of Iii+, sine? ab Jnitio 

potential curves are available for Li2 at small separations. 

Let us first consider the major sources of error in the two-state 

model for Li - Li collisions. Firstly there is a 'rossing between the 

2     2 + 2U 
lowest Eu and 1^ curves of Li2 at around 5.6 a.u.  that will lead 

p 
to excitation of the Li atom vo the lowest P state. This crossing could 

possibly produce oscillations of amplitude up to 10 A in the charge trans- 

fer cross sections.  At a separation of around 0.6 a^, ttiere is an avoided 

2 
crossing between the lowest two Z^ states, and the lowest one crosses 

2 
below the Eg curve as the united atom limit is approached. These latter 

  —- llllllM^illl 



—#-i 

8 

effects will lead to a small modification of the charge transfer cross 

section above 100 eV. Finally, at energies above a few keV the molecular 

approach will be less useful as non-adiabatic effects become important. 

We have estimated the g-u splitting for separations down to zero 

and have computed the charge transfer probability p(b) xbr all b. The 

cross section was then obtained by numerical integration. In Fig. 1 

the computed cross section is presented as a function of inverse velocity 

for center-of-mass energies between 200 and 2000 eV. One does see 

oscillations which appear to have a constant wavelength on this plot, in 

agreement with the theory of Smith25"27. The oscillations are primarily 

due to the maximum in the energy difference AE(R) which occurs around 

R = 1| a u. Fig. 1 also includes the experimental results of Perel et al,2^ 

and the results of two-state calculations by McMillan29. The most obvious 

discrepancy is that both theoretical result* are approximately 1% hijher 

than the measured values. Ihis difference was also found in the previous 

two-state calculations by Böttcher et al30. Tne oscillations in each of 

the theoretical cross sections are approximately of the same size as in 

the experimental results but there are significant differences in the 

positions of the peaks. McMillan29 has shown that allowance for the 

coupling of the T^ and ^ states leads to a shift in the positions of 

these peaks and improves the agreement with experiment. However, the 

magnitude of the computed cross section is not changed significantly by 

the introduction of the third state. 

In Fig. 2 w». present our results over a wide range of energies 

in an alternate form, with (Q)^ plotted against log E. Between 0.25 eV 

and 50 eV we find the linear behavjour predicted by the Firsov theory. 

Above 50 eV the linear law describes the general trend but tue small 

oscillations are apparent. Below 0.25 eV the cross section is increased 
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becauae of the polarization attraction. However at the thermal energy 

of 0.025 eV our wlut of 36I1A2 is significant^ higher than the Lengevin 

limit of TT(of/kl)*. Fig. 2 also includes the experimental results of 

Lorents et al31, and the theoretical results of Dumen and Smirnov11. 

The theoretical results are in good agreement for energies above 

1 eV, thus confirming the validity of the : pproximations used by Duman 

and Smin:ov. At lower energies our c-ot. sections are higher, since we 

allowed for the bending of the trajectories due to the attractive 

polarization force. Although the theoretical and experimental curves 

Intt sect at around 200 eV there is a significant discrepancy in the 

energy dependence of the cross section. For a cenier-of-mass energy of 

7 eV our computed value of ~ 175A2 is over 2%  smaller than the experi- 

mental value of 2U0A2. This difference la considerably larger than the 

experimental error of 8^, as estimated by lorents et al. 

For Na+-Na collisions at energies above 500 eV our computed 

cross sections are about 15^ above the experimental values of Daley 

and Perel32, but are close to the previous two-state calculations by 

Böttcher et al30. Once again the magnitude and frequency of the oscilla- 

tions are predicted well by the theor,, but there is a discrepancy in 

the phase of the oscillations. We believe that this is due predominantly 

to our neglect of the 2nu state of Na2
+ which crosses the 2TL   state 

22 30 
around 5 a.u.    . some of our calculated values are given in Table I. 

Our results for the heavier . Ikalis K+, Rb+ and Cs+ are presented 

in Table 1,  and in Figs. 3-5 they are compared with the values obtained 

in recent experiments. Gentry, Lee and Mahan33 have performed beam 

experiments for each of these ions at laboratory energies between 10 and 

500 eV. Once again the experimental results decrease more rapidly than 

the calculated values. For Rb+ and Cs+ theory and experiment are in good 

-■-- -■ - 
-   ■ -~*~**^. 
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agre«ent ror lÄboratoiy energies around 20 e7. Measurements have been 

made for these two ions at higher energies by Perel et al27'3V For 

laboratory energies near 1 keV their measured cross sections are 15-2056 

below our computed values. The cross sections measured by Gently et al."'3 

for K+ charge transfer are considerably lower than our calculated values. 

However the authors expressed some uncertainty regarding the absolute 

magnitude of their potassium cross sections. 

Mitchell and Fortson35 have measured the charge transfer cross 

sections for Rb+ and Cs+ at thermal energies in an optical-pumping experi- 

ment. For Rb+ our calculated value of 569A2 is barely consistent with 

their measured value of 710 t 150 A2, whereas in C8+ our value of 650 A2 

is well within their limits of 80C t 300 A2. For CB+ a lower cross 

section was reported in a similar experiment by Oluwole and Itogun36. 

However we believe that there may have been an error in tne analysis of 

their experiment, 

37 
Andersen et al.  have recently studied Cs+-Cs charge transfer 

in a q- machine and obtained a value of 600 t 200A2 for incident ion 

energies of 2 eV. Our coniputed value of 1*50 A2 falls once again in the 

lower portion of this range. 

Calculations similar to ours have been performed by Smirnov7 

with results that are smaller by about 10^. However the more recent 

paper by Dimian and anirnov13 seems to indicate that there were seme 

errors in the earlier work and the values quoted in this latter paper 

are very close to our results for laboratory energies of above 1 eV. 

However their assumption of straight Una trajectories again leads to 

a significant underestimation of the cross section at very low energies. 

—   1 . 1 
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IV. Results for C&+ and U* 

Two recent mea. oraments of Ca+-Ca charge transfer cross sections 

have given widely different results. Rutherford et al.3 obtained a 

cross section which decreases from 550 A2 at 3 eV to 320 A2 at 500 eV, 

whereas the cross section measured by Panev et al.3^»^0 decreases fror 

220 A2 at 6 eV to IßO A2 at 1000 eV. 

Por atoms such as Ca, with two valence electrons, the determination 

of the asyn5)totic nomalization con» cant q (defined in Eq. 2 of Ref. 15) 

is especially difficult. From an examination of the multi-configuration 

ground state wave functions obtained by Robb  we were able to deduce 

only that q probably lies between 1.0 and 1.5. The value deduced by 

IXincan and anirnov by fitting to a single-configuration Hartree-Fock 

wave function was 1,0. Hence we have performed calculations of the cross 

section with q set equal to 1.0 and 1.5. As can be seen from Fig. 6, 

the values measured by Panev et al,'^'^0 fall close to the results we 

obtain with q - 1.5, whereas the measurements of Rutherford et al.3° 

are well outside the range of our results. The calculations of Duman 

and anirnov lie slightly below the results that we obtain with q ■ 1. 

The oscillations in the observed cro^s sections3^i+O extend 

to much lower energies than in the alkali systems. We support the 

suggestion of Panev et al. that this indicates the existence of a curve 

crossing at a relatively large intemuclear separation. 

Die valence structure of the uranium atom is ^fc/o)3 (7si/p)2 

(öd^M), and the ground state of the positive ion is obtained by 

removing the (A^/z electron. Although the 5f shell is not filled the 

5feM orbital is significantly smaller than both the Ts-jM and 6<3U/2 

orbitals. Thus we will assume that the coupling between the 5f*/2  and 

ödg^ electrons is not Important and apply the one-electron model, 

   - ■ ■   
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aesuaiing transfer of the 6do M electron. Ihe apin-orbit forces are 

sufficiently strong that we must compute the molecular spllttlngc using 

the j-0 representation. Following the method outlined in Sec. II we find 

that 

4*3/2 3/2 " | ^2 + | ^1 

^3/2 1/2 - | ^i + | ^0 

(9) 

5 ^     5 

In writing down th« asymptotic foni\ of the ödo^ orbital, we chose the 

normalization constant q to be O.U in order to reproduce the expectation 

i 1+2 value <rS found in the relativistic Hartree-Fock calculations by Mann . 

At thermal energies the polarization attraction leads to signifi- 

cant bending of the trajectories. Unfortunately the polarizability of U 

is not known. Using the oscillator strength sum rule we estimate the 

polarizability to be 162 a.a. but we have also performed calculations 

using the values of 120 a.u. and 200 a.u. As can be seen from Fig. 7 

the effect of polarization is insignificant for energies of relative 

motion above 2 eV. 

For values of the center-of-mass energy E between 0.025 eV and 

100 eV our results with a polarizability of 162 a.u. are well fitted 

by the form 

Q = (12.6 - 1.55 log10 £)
2 + 1.153 E 

,-1.12 M 

if E is expressed in tV and Q in A . For a center-of-mass energy of 

0.025 eV the dependence of the cross section on the polarizability can 

  *    --■■"■'——  . 
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be approximate^ by 

if or is expressed in a.u., and Q in A2. 

['•fefr (n) 

V. Effects of the fine-structure splittings in Kr4 and Xe+ 

HeLn  has recently reported studies of the drift motion of Kr+ 

ions in a buffer gas of Kr atoms, in which he was able to make separate 

meaaurementa of the mobilities of the lowest 2P3/2 and h^  states of 

Kr+. He found that the mobility of the r. ?tastable ^/g state is higher 

than that of the ground state by 3-3 * 0,2% for swanns of ions with 

characteristic energies between 0.03 and O.Olf eV. For Xe+ in Xe ho finds 

a difference of about 6^17. 

Ionic mobility is primarily determined by the momentum-transfer 

cross section for collisions of the ions with the buffer gas atoms and 

in the sero field limit one can obtain a siiaple expression for the 

mobility -". Turthemore it is usually assumed that the momentum transfer 

cross section for ions colliding with their parent gas atoms is approxi- 

mately equal to twice the charge transfer cross section. 

Die values of the cross sections on which these estimates are 

based are given in Table II. Thus one might expect the charge transfer 

cross sections for 2P3/2 and 
2P1,2 ions to be different by amounts equal 

to those quoted above. 

For ion energies of around 1 keV the experimental work of 

Hishinuma  and the calculations by Klmura and Watanabe1'^ ««d by Johnson1^ 

suggest that the difference in the charge transfer cross sections of the 

two states is about 10^ for Kr+ and 1% ior Xe+. The experimental results^ 

3how the difference to be increasing as the energy is reduced. However 

at very low energies the cross section should be detemined solely by the 

  - - 1 - - - - - - -  U^aMHggMMitMHMIi ■   ■    -     ■     ■'■ - ■ 
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polarizabillty of the neutral atom and the energy, and so should be 

independent of the ionic state. This expectation is consistent with the 

calculations by Johnson*6 and by Cohen and Schneider 7. Thus it seaned 

vorthwhile to examine the ohsrge transfer cross sections for Kr+ and Xe+ 

at the energies appropriate to the drift tube experiments. 

For ions with J = 3/2 the component of angular momsntum about 

the nuclear axis, n, can be either 1/2 or 3/2. The charge transfer cross 

secöion can then be obtained by averaging over the cross sections appro- 

priate to collisions with 0 =  l/2 and Cl * 3/2.    For J = l/2, on the other 

hand, we can have only 0 ■ l/2 so that no averaging is needed. The energy 

splittings appropriate to each set of values of J and Cl  can be obtained 

by using Eqs. (7) and (8). It should be noted that in applying these 

equations one does not have to assume that the p^M and p_/« electron 

orbitale have the same dependence on the radial coordinate r. 

The asymptotic normalization constants q were obtained by fitting 

to the relativistic Dlrac-Fock wave functions of Desclaux . The result- 

ing cross sections are tabulated in Table 2 and Figs. 8-9. Even at an 

energy of 0.01 eV the cross section does depend upon J but the differences 

are significantly less than those found at higher energies. 

We have computed the zero-field limit of the reduced mobility, 

assuming that the momentum-transfer cress section is exactly twice the 

charge transfer cross sections. For Kr+ ions at a temperature of 300oK 

we obtain values of O.896 cm2 V"1 sec'1 for ^^^  ion8 *&& O.913 OL2 V"1 

-1    2 
sec  for ¥^2  ions. The difference of 1.8^ is smaller than the 3.3% 

difference observed by Helm16. Hie absolute values are consistent with 

the experimental results to better than 5^. 

For Xe in Xe our calculated mobilities are 0.562 cm2 V"1 

for 2P3^2 ions and 0.597 cm
2 V"1 s"1 for ^^  ions. By extrapolation 

-    ■! -    - IMHUMtUil^ J 
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17 of the experimental data to zero field Helm ' obtains the values 

0.532 * .003 cm2 V"1 s*1 and O.563 * .003 cm2 V"1 s'1 respectively. The 

mobility ratio is thus in very good agreement. 

The experimental errors in measurements of the mobility are very 

small compared to those associated with direct studies of charge transfer 

cross sections. The drift tube may therefore provide the most precise 

technique for the measurement of these cross sections at low energies, 

and thus further examination of the dependence of the mobility upon the 

rate of charge transfer would be worthwhile. 

Our cross sections for Kr+ are considerably smaller than those 

measured in an ion-cyclotron-resonance experiment by Staith and Futrell . 

By injecting ions into a drift tube Kobayashi and Kaneko^0 studied 

Kr+-Kr charge transfer over a range of energies from 0.0k eV to 3 eV. 

They found the cross section to be independent of energy with a value 

+  09 2 
of 100 - 15A . Our calculations predict a cross secticn of 100 A at the 

lower end of this range but at 3 eV we would estimate the cross section 

to be about 6QA2. 

VI. Symmetric charge transfer for H-, Na" and Cs" 

In the charge exchange of negative ions the transferred electron 

initially belong? to the ion, X". In the simplest approximation, its 

wave function in the asymptotic region can be written in the form 

u0(r) - q -L. e-Cr ^ (n) (12) 

where C is such that the electron affinity is equal to ^Q2.    The perturb- 

ing systan is new a neutral atom, X, and one argues that at large inter- 

ruclear separations the distortion of this electronic wave function by 

the approaching atom is negligible. One can then build up orbitals for 

1 
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th« molecular ion, X2 , from linear combinations of two atomic orbitals 

of the fom (12), and compute the splitting between the gerade and 

ungerade potential curves Just as one does for positive ioni». Th« theory 

is then equivalent to the tero-range-potential (ZEP; aethod used by anirnov 

18 
and Pirsov , «acctrt that the constant q need not bu assigned the value 

given by those authors. 

19 
Bydin ' used the ZRP theory in order to deduce electron affinities 

for Na, K, Rb and Cs from his measurements of the charge transfer cross 

sections, obtaining values that are significantly lower than the values 

obtained later in high-resolution photodetachment experiments20. Part, 

but not all of the discrepancy can be attributed to his choice of values 

for the constant q. 

One obvious deficiency in the ZRP approach is that no account is 

taken of polarization effects, which might be important for alkali systans. 

Using the JWKB approximation one can easily amend eq. (12) to allow for 

polarization effects within an undistorted ion. For example, for S states 

one finds that for large r 

UoO-)*-!- q_l. expj"- Cr -_2L. ♦  «L-l (13) 

in which a is the polarizability of the neutral atom. However allowance 

for the distortion of this orbital due to the polarization interaction 

with the approaching neutral atom is more difficult. We have been able 

to do this only by assuming that there exists a range of values of r 

which are large enough so that (13) is a valid representation of u0(i) 

but are small enough thai there is insignificant distortion due to the 

neighbouring atom. Such a region can exist only for large values of 

the inter-nuclear distance, say R ~ 20 a.u. In applying this theory we 

 -■ MM - -    ^- 
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found thafc the polArization interactions do not lead to significant changes 

in the cross section, except perhaps through their influence on the value 

of the constant q. Hius, although we have perfomed calculations for Ka" 

and Cs", we do not dew it worthwhile to describe in detail our theoretical 

method, or to give quantitative results. Nevertheless we can state with 

sane confidence that the magnitud- jf the cross sections measured by 

Bydin for Cs" - Cs collisions seem to be consistent with the one-electron 

üodel whereas his values for Na' - Ma are orüy about i*0^ of the cross 

sections predicted by the model. Once again the experimental cross 

sectionF decrease more rapidly than the theoretical results as the energy 

is increased. 

The cross sections given by Duman and Snirnov for Na", K", Rb' 

and Cs" appear to be much too large due to the use of incorrect values 

for the electron affinity. 

At thermal energies the cross sections should be predicted well 

by the ZRP model, provided that C and q are chosen correctly. For a 

center-of-mass energy of 0.025 eV we find cross sections of 225A2, 910A2 

and 132QA for H" - H, Ha" - Na and Cs" - Cs collisions, respectively. 

The«« cross sections are so large that the effects of curvature in the 

trajectc-v.es are negligible, Khich is perhaps surprising at such a low 

energy. 

VII. Conclusions 

The cross sections that we have reported were obtained by 

numerical evaluation of the JWKB phase shifts and numerical integration 

of the probability of charge transfer over the impact parsmeter. »fany 

authors have previously suggested «pproximate techniques by which the 

cross sections can be derived analytically. In particular there is a 

mmm mmKm mmmmmmamm •-_—___. — ■HUM ' -'   - 
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comprehensive tabulation of cross sections by Duraan and Siirnc?; and 

there are some very recent calculations by Hodgkinson and Briggs . 

For three of the systems discussed above, ve tested the validity 

of the Pirso- procedure of setting the integr??! of PO^v) over b equal 

bo iTTb0 . For Rb+ and Ca+ we find that if the critical parameter b0 is 

chosen in the manner suggested by animov, namely the largest value of 

b for which ÄTl(b,v) is equal to 0.275» then the cross sections are pre- 

dicted wi^h an error of arourd 1%,    For Cs" the error seems to have a 

constant value of around 10A . Hils critical value corresponds to a 

charge transfei probability of - 0*07% Th« critical values suggested 

by FirsoAT and by Rapp and Francis' do not lead to such good results. 

The major errors in the erofll sections tabulated by Duman and 

animov"^ arise frcm the assumption of straight line trajectories, which 

in most cases is not Justified for an  energy of 0.1 eV. Most of their 

values at this energy are therefore significantly too small. All our 

cross sectionp seem to be higher than those of Duman and Smlrnov, but 

at energies of 1 eV and above the differences are less than 10^, exctpt 

for Kr+ - Kr collisions. For that system ve believe that the results 

quoted by Duman and animov should be increased by approximately 75^. 

Our results are also close tc^ but slight?y higher than, those obtained 

1U by Hodgkinson and Briggs . 

We have shown that for Kr ions and Xe ions the cross sections 

for charge transfer are  different for the two fine-structure components 

o' the ground state. The different mobilities that have been found for 

2        2 +      + 
Pwp and Po/o ioixa  of Kr and Xe moving through their parent gas atoms 

may therefore be attributed to the different charge transfer cross 

sections. However although theory and experiment agree un the size of 

this effect in Xe, there is a discrepancy In Kr which we do not understand. 

»_ MMMMT^H -- - ■   mm _...,— ^—.■^^.^-^J^..^- - _ 
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There BMBB to be a systematic difference in the energy dependence 

of the cross sections for sysmetric charge transfer between theory and 

experiment, with a more rapid decrease being seen in the experimental data, 

Further theoretical stu^ and more accurate beam data may therefore be 

worthwhile. 

We believe that the most reliable information concerning symetric 

charge transfer comes from mobility measurements, aid thus intend to study 

the transport theory more carefully to determine the accuracy with which 

cross sections can be derived from such data. 
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Figure Captions 

Charge transfer cross sections for Li+ - Li collisions as a 

function of the inverse velocity, 0 this work, X two state 

calculations of McMiUpn ^, A experimental results of 

28 
Perel et al. 

Square root of the Li+ - Li cross section as a function of 

the center-of-mass energy, —J   this work, & Duman and 

anirnov1^ (theory), m   _ Lorents et al.  (expt.). 

K+ - K charge transfer cross sections as a function of center- 

of-mass energy,  this work, Dumen and Smirnov1^ (theory), 

0 Gentry et al.33 (expt.). 

Rb+ - Ab cross sections, showing the values calculated in this 

work (full line) and by Duman and animov13 (long-dashed line), 

and the experimental results of Gentry et al.33 (circles) and 

Perel et al.27,3l+ (short-dashed line). 

Cs+ - Cs cross sections, with the same notation as in Fig. k. 

Ca+ - Ca cross sections. The dashed lines show the theoretical 

results obtained in this work with q = 1.5 (A) and q = 1.0 (B) 

and by Duman and Snimov (C); the experimental results of 

Rutherford et al.38 (circles) and Panev et al.39'1*0 (full 

line) are also shown. 

Square root of the U* - U cross sections for three values of 

the polarizability, X 120 a.u., 0 162 a.u, A 200 a.u. 

Square root of the Kr+ - Kr crofs section, for both 2Po/2 

2 
and PW2 ions. 

Fig. 9    Square root of the Xe+ - Xe cross section, for both P^/g 

o 
and ^1/2  ions« 
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Table I.    Charge transfer cross sectiras, iu A", for alkali ions 

*CH W Nan Rbn Cs 

0.025 3U6 388 520 569 650 

0.05 302 3U5 U6l 51U 590 

0.1 273 318 k2k U76 5U3 

0.5 230 269 364 Uli V75 

1 215 254 3kk 389 U50 

5 182 220 301 3kl 397 

10 169 206 282 323 376 

20 156 193 266 303 35U 

50 1U0 175 243 280 328 

100 127 163 228 269 308 

200 116 153 212 250 289 

500 111 135 192 223 26k 
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Table II.    Charge Transfer croa« sections, in A2, for Kr+-Kr and Xe+-Xe 

»CM "P3/2 

Krn 

1/2 3/2 

Xe 

1/2 

0.01 li4C 138 180 173 

0.02 nu 11? 1^5 139 

0.05 93.0 91.3 119 112 

0.1 83.8 81.6 107 100 

0.2 76.9 75.1 98.3 91.5 

0.5 69. U 67.9 89.6 82.9 
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